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Abstract 
 
This study analyzes the two main practices in the management of municipal sewage 
sludge (MSS) in terms of the release of cadmium, which makes it way from wastewaters, to the 
environment and more specifically to the Danish agriculture. Although the amounts of cadmium 
released from the sludge into Danish agriculture are closely monitored (having decreased 
greatly in the last couple decades), and are kept broadly under the lawful limit, this project aims 
at proposing a strategy for limiting its output on a more conditional basis. The two most 
important ways of treating MSS consist of, in one hand, its incineration in specialized facilities 
and in the other, its use as field amendment. Further differentiation in these practices has been 
established depending on the sludge’s geographic and demographic origin, the properties of the 
exposed soils, and the functions it performs. Both forms of handling MSS are studied in further 
detail partially with the help of two specific cases (an urban MSS incinerator and a semi-urban 
treatment plant that distributes MSS for fertilizing).  
A system of criteria has been established, in the most objective manner possible, as a 
way to compare different forms of disposal of the MSS. The analysis of these methods for 
handling MSS using the established criteria makes up the benefits and risks assessments and 
gives structure to the discussion, giving the arguments used in proposing a strategy to decrease 
the release of cadmium from MSS while taking advantage of this waste product. This discussion 
concludes with a proposal for improvement based on three main ideas. The first idea proposes 
a new political position to make it a priority to exploit the resources in the sludge as much as 
possible, encouraging its use as field improvement and its incineration for energy production. 
The second idea proposes a change in Danish legislation: different limit levels of cadmium in 
MSS used as fertilizer, should be adjusted to the match the properties of the exposed soil. A 
final idea is to battle the release of cadmium at its sources, reducing the use of it in industries to, 
ideally, eliminate its presence in our living environment entirely. 
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1. Introduction 
 
 Cadmium, a rare heavy metal, is one of the most important pollutants that can be 
present in Municipal Sewage Sludge. Natural background levels of Cadmium on the surface of 
our planet are nearly negligibly low, so it is a commonplace to regard all Cd in the environment 
as the result of human activities. 
 
Amongst the heavy metals Cadmium has the highest water solubility and its ions are 
readily absorbed by the roots of plants and stored in different tissues (Brady & Weil 2008). In 
this respect it’s a common interest to keep the amounts of Cadmium accumulating in agriculture 
down, as food is the most important route for Cadmium into the body for most (non-smoking) 
people. When a plant contaminated with this metal is eaten by animals (including humans), a 
fraction of the Cadmium in the plant tissue is absorbed again by the animal and stored in its fat 
and organs, where it has the capacity of remaining for a long time (decades, in the case of 
humans) (Smolders 2001). 
 
This metal has few large-scale industrial, applications, but it can anyway be found in 
almost every home on the planet as part of rechargeable Ni-Cd batteries, paint and plastics, and 
because of its high toxicity, it takes only a few milligrams per kilo to consider a soil, foodstuff or 
material containing cadmium as prohibitively polluted (DME EPA 2013). 
 
Furthermore, cadmium is highly mobile in nature, being able to transport itself through 
the biosphere by means of air, water, wind-borne soil, and living organisms (NCM 2003).To 
lessen the amount of Cadmium present in the environment a series of laws have been issued 
on different levels, from multinational cooperation agreements, to European law, to diverse 
national policies limiting or banning certain uses of Cadmium, as well as setting rules 
concerning the disposal of waste containing it. (NCM 2003) 
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2. Problem area: the need to protect society against pollution, and the 
need to sustain our agricultural practices 
 
It is well known in almost all developed countries that cadmium is a persistent pollutant 
worthy of all the attention it’s given, and tightening regulations are in place in the European 
Union and Denmark to limit or slow down its release into our environment (DME EPA 2013). 
 
Paradoxically, environmental (and economic) concerns also fuel the ideology of 
exploiting waste as a way to better administer our planet’s diminishing resources, and this 
places the ecology of the Danish arable lands at risk. Such is the case of municipal sewage 
sludge, a by-product of wastewater treatment that has been known to contain significant 
amounts of cadmium in the past (DME EPA 2013), which is also a promising substitute for 
artificial fertilizers in agriculture due to its rich content of usable organic material and other 
important nutrients, like phosphorus and plant-usable nitrogen. 
 Amendments rich in these nutrients are extremely valuable for society, since the 
intensive agricultural practices that sustain a large part of the world's population, Denmark's 
included, continuously deplete and impoverish the soil, reducing its capacity to produce crops in 
the required abundance. To remedy this, large amounts of fertilizers and improvement additives 
are required to recover the soil's fertility, and these substances (particularly phosphoric mineral 
fertilizers) are scarce and increasingly pricy. 
 
However, to avoid the risk of pollution with cadmium that use of sewage sludge on fields 
can bring with it, there is virtually only one alternative, the practice of incineration. 
Provided a particular sewage sludge incineration facility follows danish and European law, the 
flue gas cleaning equipment it will be provided with has the ability to catch far most of the 
Cadmium volatilized during the burning of sludge, and thus trap the heavy metal before it 
reaches the atmosphere. 
 In fact, in many parts of Denmark today, sewage sludge is burnt as fuel for providing 
district heating and electricity to small communities. 
 But no filtering system is perfect, and since recent changes in the law surrounding the 
use and reuse of waste make incineration a more common practice again, non-negligible 
amounts of Cadmium inevitably are let out from every incineration facility operating in the 
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country into the air, constantly throughout the year. Furthermore, the resulting bottom and filter 
ash, highly enriched in heavy metals and cadmium, must be stored too, commonly in landfills 
which themselves present an environmental threat as harmful substances can seethe out of 
their walls into the groundwater and the surrounding soil. 
 
Thus, we are confronted with a double dilemma: 
The use of MSS1 as fertilizer is a tempting alternative to the costly and scarce mineral fertilizers 
and could become an invaluable resource for the Danish agriculture, which needs constant 
replenishing due to its intensive exploitation of the soil. However, the heavy metals, in particular 
cadmium, that can be present in the sludge constitute a strong drawback for this practice. 
 
The alternative in dealing with this residue, is incineration; which filters out a large part of 
the cadmium in it and through which some of the energy stored in the organic component of the 
sludge can be used, but that makes the wealth of organic carbon, phosphorus and nitrogen 
inaccessible with current technology, turning it into ashes and CO2. 
 
 
  
                                               
1 Municipal Sewage Sludge 
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3. Problem Formulation 
Under which conditions should the incineration of municipal sewage sludge be 
encouraged over its use as fertilizer in Danish agriculture, and vice versa, especially 
focusing on the possibility of Cadmium pollution? 
 
3.1 This project in relationship to the 1st semester theme in the Natural Science 
Bachelor at Roskilde University: 
“The role of natural sciences in technology and society” 
 
 Feeding modern society is no easy feat. It is a task that is only achieved by intensively 
farming what suitable land we possess, exacting extremely high productivity from it, every year 
and as for as long a season each year as possible. 
 
 Because of our many daily activities, we require more and more food and clean water 
globally to sustain our modern lifestyles, and thus, soil that is apt for food production is a 
dwindling and precious resource in a world that has just recently reached 7 billion human 
inhabitants, but hasn't grown one centimeter in size, where the resources that allow us to 
replenish our exhausted soils are increasingly scarce, and the growth of our already crowded 
metropoli constantly makes fertile land unavailable for food growth in favor of the expansion of 
our living space. All this affects individuals, societies and nations; and it is all related to one 
word that has grown to great weight in any discussion about our future as a species: pollution. 
(Cordell 2012, Brady and Weil 2008) 
Human beings pollute. Each of us produces tonnes of solid waste, and thousands of liters of 
wastewater throughout our lives. 
In this context, many political entities have started taking the subject of pollution very heatedly, 
and new strategies regarding the treatment of waste, the use and reuse of resources, and the 
production of energy have become constant subjects of political debate and not so seldom 
banners for social and political leaders and movements. 
  
In the European Union and particularly in Denmark, phasing out of the old extract-use-
dispose practices of the industrialized world in favor for the reuse of resources and energy, has 
become an outspoken priority. And with good fundament, but the reuse of resources necessarily 
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implicates the reuse of waste, and this often means the recirculation of pollutants in the vital 
cycles of nature and man; a subject that needs to be addressed. 
 
Water, food and waste share many common nodes in the complex system that is 
modern society, and one of them is municipal sewage sludge. Municipal waste water, that is, 
water that has been used by regular people and households for their daily activities, cleaning of 
their homes, themselves and the residues of their biological needs; can no longer be let out 
back into the environment in the same form as it is produced, at least in most developed 
countries. This large water mass is transported through a branched system of pipes, which in 
most parts of Denmark consists of a mixed pipe system that collects rainwater along with 
household sewage. The water is then lead to a municipal treatment center where it is purified 
again, before it can continue its own path, and everything that is removed from waste water, i.e. 
the waste, is left behind in the form of MSS. 
 
This residue, the sludge, presents many enticing prospects for the reuse of nutrients and 
energy that otherwise would be wasted in its disposal. Since the nature of our daily activities 
results in large amounts of highly enriched organic material, the resulting sewage sludge can be 
used as a very effective means of field amendment or a renewable energy source. 
However, human activities also discharge all sorts of pollutants, pathogens and contaminants 
into the waste water stream, and thus the sewage sludge that comes from highly urbanized or 
industrialized areas must be disposed of safely. 
 
Particularly dangerous among all harmful substances potentially contained in sewage 
sludge are the heavy metals: persistent pollutants that thanks to their elemental nature prevail 
after any of the chemical processes undergone in sewage sludge production and incineration. 
And particular among them is the heavy metal known as Cadmium, one of the most mobile and 
toxic among them all. 
 
 Cadmium pollution for society means a generalized health problem, since it will be 
present in our food and air, and affects the growth of children and causes diseases to the old. 
Burning sewage sludge that contains cadmium may mean tossing large amounts of this toxin 
into the air, while putting it on our fields might as well mean seasoning our food with heavy 
metals. On top of that, both practices contribute to the overall life-cycle of cadmium in different 
ways, so that sooner or later this element will accumulate in our soil, our crops or our livestock. 
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In light of the danger cadmium pollution poses to the general health of society, deeper 
analysis of the consequences of either re-using or disposing of waste must be done, and new 
perspectives must be presented to solve today’s pressing environmental problems which look 
beyond the trends in political lingo or the fears inspired by superficial thought. 
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4. Theories and methodologies 
 
4.1. Theoretical frame 
 
The analysis performed in this project is based heavily on the chemical workings of the 
complex system that is the soil. Thus, a large part of the considerations are made from the point 
of view of soil science (in specific, Edaphology and Pedology) in regard to the behaviour of 
cadmium and its compounds and of nutrients, plants and microorganisms in the soil; and the 
effect different soil properties (pH, texture, structure, chemical constitution, etc.) have in their 
interaction with the matrix constituents of the soil and with the plants growing on it. 
Special attention is put to the bioavailability of Cadmium to plants, a subject of both 
physiological botany and edaphology, and its mobility between different soil horizons and 
geographical areas. 
 
Besides the study of cadmium in the soil-plant system, this project employs simplified 
figure to understand the path followed by cadmium from society into the waste water, the sludge 
and finally the Danish agriculture, and then back into society. 
 
Similarly, the chemistry of cadmium and its compounds will be used to understand its 
behaviour during and after incineration and how it transports itself when outside the soil-plant 
system. The basic concepts of the human and animal toxicology  of cadmium will be in turn, 
employed to establish the gravity of the pollution with this element. 
 
We will also make judgements of economic value and cost of different aspects of this 
problem, but without entering the complicated world of market analysis or formal economics. 
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4.2 Criteria for comparison 
 
Direct comparison between field sludging and incineration is impossible, due to the 
rather different natures of these two practices. For this reason, we will analyze the pros and 
cons of each of the two practices in terms of a specific system of criteria, and compare them 
according to it. 
This criteria, the apparatus that will allow us to judge the benefits of either burning the 
municipal sewage sludge or using it as fertilizer against their environmental and socio-economic 
consequences, is constructed around three main axes; put in plain terms: How much does it 
pollute?, How damaging is the pollution? and What are the economic benefits and losses 
associated? 
 
The criteria is then written and explained as follows: 
 
Axis 1: How much do they pollute? 
 
Criterion 1-A: What are the net amounts that this use of sludge (incineration or fertilizing) 
lets out into the environment in a free form? 
The value of this criterion is self-evident. The more Cd let out by one or the other 
process, the bigger the environmental impact it has. 
 
Criterion 1-B: How much Cd is deposed into long-term storage? 
Storage of pollutants, even though safe in the short term, brings with it many 
complications in the long term. As time and weathering weaken the protection provided to keep 
the cadmium isolated, the risk of leaching or spilling into the surroundings increases. Long-term 
storage is further complicated by its space-consuming nature, in that new facilities have to be 
built when the current ones reach maximum capacity. 
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Axis 2: How damaging is the corresponding form of Cd exposure it creates? 
 
Criterion 2-A: Is there control over the areas that will be exposed to the risk of Cd 
pollution? 
Since the properties of the soil (as well as the use given to it) change depending on its 
placement, the possibility to ensure that only one determined area is exposed to cadmium in 
known frequencies and concentrations can mean the difference between a viable strategy and 
an environmental disaster. 
 
Criterion 2-B: In which chemical forms is Cd released into the soil? 
Plants possess the ability to take up cadmium only in its divalent ion form. The same is 
true for animals and microorganisms. Thus, binary salts of cadmium become bioavailable much 
more quickly than cadmium ions already adsorbed to organic colloids, which in turn have a 
much higher potential for uptake than cadmium deposited in metallic form. 
 
Axis 3: What expenses and profits would be involved in connection to encouraging one 
process more than the other and vice versa? 
 
Criterion 3-A: What expenses in terms of infrastructure would meant to increase the 
degree at which this practice is implemented? Correspondingly, how much infrastructure 
already built in the country would be wasted by an equal decrease? 
Current infrastructure for current uses of municipal sewage sludge can stay operational 
optimally only after so much change in the activities they’re planned for. Furthermore, forbidding 
a particular use of sewage sludge may require the construction of infrastructure for to substitute 
its functions. 
 
Criterion 3-B: How expensive or profitable would it be to provide the resources 
necessary to fulfil the different functions of either incineration or field sludging through 
other means? 
Substitute products would need to be considered if one were to discourage one or other 
practice, this deals with the actual function municipal sewage sludge has in the two processes, 
and the chemical or energetic value in it. For incineration the municipal sewage sludge is used 
as fuel in a combustion process from which energy is produced, we will compare this to other 
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energy sources. For field amendment, the function of the municipal sewage sludge is that of a 
fertilizer, we will compare this to other types of fertilizers. 
 
 
 
Criterion 3-C: How could one encourage process create or diminish jobs? 
By encouraging one practice, for example increasing the use of sludge as a fertilizer, the 
need for transportation would also increase, creating more jobs. The preference for sludge 
burning could also create more jobs if new incineration facilities needed to be manned. These 
considerations are important before suggesting a change to the current practices. 
 
4.3 Project design 
 
This project is written so that it answers the following questions in order, providing first 
the necessary general information and progressing towards the specific knowledge necessary 
to perform and understand the Discussion (chapter 10). Thus, these questions outline the basic 
chapter structure. 
 
1. What is the role of cadmium in human activities and society now and in the past and 
how can it be harmful to society? 
 
To illuminate the link between cadmium pollution and human activities in society we first need to 
describe from where the cadmium arise and how cadmium can be harmful to the society. We 
will also briefly describe cadmium pollution from a historical view, this will present the reader 
with insights on how the present situation is, in retrospective of how it has developed.  
 
2.  What path does cadmium follow in society and nature (but keeping focus on 
municipal sewage) and how does that manifest itself in the danish arable land? 
 
This aspect clarifies the path followed by cadmium that has seeped into the environment 
through all the different exit routes from each of the two methods that will be discussed. It will 
include a comprehensive explanation of the part of the cadmium path that is tied to sewage 
sludge and its disposal.  
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3. What soil properties and other factors influence the bioavailability of cd in agriculture?  
 
By answering this question we will enlighten on how cadmium makes it back into the human 
society due to the uptake in crops, which we expect will depend on the properties of the soil in 
which they are grown. Some of the factors in the bioavailability of Cadmium in respect to its 
uptake in plants are the pH of the soil, its texture (silt, clay etc.) and the presence of other 
cations (e.g. calcium) which competes with Cadmium in getting uptaken in plants. 
 
4. How does the municipal sewage sludge undergo incineration and what measures are 
in place in Denmark to control its liberation to the environment? What benefits and risks 
does this method present? 
 
An exhaustive well-documented answering of this question will present the reader with an 
overview of the process incinerating municipal sewage sludge and what happens to the 
cadmium present in each stage according to Danish regulation. Together with the benefits and 
risks it will present a more balanced view on what could potentially happen if this method was 
encouraged more. 
 
5. Which processes does municipal sewage sludge undergo when treated to become 
field amendment and which benefits and risks does this present within the danish 
regulation? 
 
An exhaustive well-documented answering of this question will present the reader with an 
overview of the process of treating municipal sewage sludge to become field amendment and 
what happens to the cadmium present in each stage according to Danish regulation. Together 
with the benefits and risks it will present a more balanced view on what could potentially happen 
if this method was encouraged more. 
 
6. Under which conditions should incineration of municipal sewage sludge be 
encouraged over its use as field amendment and vice versa? 
 
This is directly linked to the problem formulation and should be discussed according to the 
criteria we constructed in the theory frame. We draw insights from the previous 5 chapters. 
 
The structure of our report can also be expressed through a simple figure (Fig. 1) 
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Fig.1. A graphical explanation of this project’s construction. 
 
Each sub question makes up for a chapter. The criteria is applied only in the two 
methods which corresponds to chapter 8 and 9. Chapter 5, 6 and 7 provides insights that 
together with the discussion from chapter 8 and 9 makes up for chapter 10 and 11 where we 
discuss and conclude. 
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4.4. Experimental procedure 
 
The aim of the experiments is not to provide an answer to the problem formulation, as 
this is done from a theoretical point of view. The experimental part of this project is, instead, a 
way to test our analytical apparatus by using it on concrete examples, providing an explanation 
for the observed results based on our theoretical frame. Altogether the reader is presented with 
a broader overview by introducing a tangible example and a real-world execution of this 
project’s analytical methods.  
 
The experiments were focused in measuring concentration of cadmium and the essential 
soil properties in two pairs of an exposed and unexposed soil, one pair related to the Avedøre 
sludge incinerator and the other to the Bjergmarken municipal sewage treatment plant.  
The intention is to explain and compare the differences in cadmium content of the soil between 
exposed and unexposed, in terms of our knowledge of edaphology and the behaviour of 
cadmium. 
The first pair of samples was collected in an agricultural area south-west of Køge, in 
Zealand; the exposed sample comes from a field that has been fertilized with sludge seven 
months ago, using dry sludge pellets from Bjergmarken MWWTP2. The second, unexposed 
sample was collected nearby the sludged field, in a grazing field that has not been treated with 
sludge.  
The second pair of samples was taken from fields located in Copenhagen, within a short 
distance to the incinerator facility in Avedøre MWWTP, close enough to be affected by the 
contents of the exhaust, and possibly also the wind-carried particles from their ash deposits. 
The exposed sample comes from a currently-unused field 3.5 km north of the burning facility of 
Avedøre, earlier a planteskole in Hvidovre, estimated to be downwind from it following the 
predominant wind direction. The unexposed sample was taken from a grazing field on Kalvebod 
Fælled, 10km east from Avedøre and away from the predominant wind direction around it. 
 
The samples brought back to the laboratory consisted of blended extractions from 
several sites in each field, taken on the plough layer (Ap horizon, 0-30cm depth) for the two 
exposed samples and the grazing field in the Bjergmarken, and the few top centimeters of the 
grazing land from the Avedøre pair that showed presence of humus (A horizon, 0-2 or 3 cm 
depth). 
                                               
2 MWWTP = Municipal Waste Water Treatment Plant. 
19 
It was chosen to sample on the most exposed layer of the topsoil, this being naturally the 
plough layer in worked fields as all amendments are applied and mixed into it, and the A 
Horizon in free-growing field since the humic component is the first element that traps 
substances deposited from the atmosphere. 
After drying for 24 hrs. at 105°C, the soil samples were carefully crushed and sieved 
(2mm sift), to obtain the fine earth fraction.  
All four samples were then analyzed for four key soil properties: pH, organic content, 
presence of calcium carbonate and soil texture (content of sand, silt and clays of different 
sizes). this information is vital to determine the parameters that affect cation exchange and 
bioavailability of Cd. 
Soil texture analysis was performed by sedimentation tests with overnight-shaken 
50g/40mL NaHPO4 soil solution in 1L deionized water, with measurements after 2 and 4 
minutes for the <20um fraction and 2 and 16 hrs. for the <2um (clay) fraction. 
For the <2000 um (sand), and <50um (silt) fractions, sieving tests were performed on the same 
50g samples after drying again at 105°C for 24 hrs. 
The presence of calcium carbonate was determined on untreated soil samples by 
addition of hydrochloric acid, observing for fizzing.  
The pH was measured on separate 10g fine earth fraction soil samples with an 
electronic potentiometer in 40 mL CaCl2 after 1hr-shaking. 
Finally, organic carbon content was measured in a combustion chamber by duplicate 
using fresh 1g samples weighed to 0.001g precision. 
 
After these basic analyses were finished, all samples have been tested to measure the 
Cadmium content in them. 5 grammes samples from the fine earth fraction were digested in 
nitric acid in a microwave oven for 30 minutes. Once the digestion finished and the samples  
cooled down, the solutions were filtered to separate the solids from the digested solution. The 
final solution, which consisted of 100mL dilutions of the filtrate in distilled water was finally 
placed in the atomic absorption spectrometer (AAS) machine using the graphite-tube high 
temperature configuration. The AAS machine measured 16 solutions plus control and blank 
tests; each one of these was measured three times by the AAS machine by default.  
The results of the AAS measurements were then collected and the content of Cd per kg 
soil was calculated (see the Tables 1 and 2 with all the experimental results at the end of the 
paper). 
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In a preliminary analysis, already can be seen that all soil samples have a Cd load at 
least ten times lower than the allowed limit in Denmark. For the Avedore samples, the amount of 
Cadmium found in the soil down-wind from the incineration facilities is the highest of all the 
solutions, which hints that either the smoke or the ashes from the incineration are being 
transported by the wind, and still have a measurable amount of Cadmium in them - although still 
under the allowed limit. On the contrary, the sample taken east of the burning facilities, has in 
average the least amount of Cadmium from all samples. Which could mean that the wind is here 
the most important factor of the Cadmium spreading around the burning facilities.  
The amount of Cadmium found in the soil from the recently sludged field, is surprisingly 
low, much lower than the results of the sample taken down-wind from the burning facilities of 
Avedore. This can be explained by the fact that there is a limited amount of Cadmium in the 
sewage sludge used as fertilizer on a field with it. In the case of the sludge having too much 
Cadmium, it will then be burnt in a burning facility like Avedøre. Meaningly, the sewage sludge 
containing the most Cadmium will be burned, and even though there are filters, filtering the 
smoke before it is released in nature, there will still be a relatively high amount a Cadmium in it. 
 
A more detailed analysis will be performed in chapters 8.3 and 9.2, to fully Explain the 
information given by the experiments. 
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5. The role of cadmium in human activities and society now and in the 
past, and how can it be harmful to society 
This chapter should also give the reader a historical insight into the sources and uses of 
cadmium in society and the related problems with pollution, which should clarify the reasons 
behind strict regulations put in place in Denmark and Europe to control the anthropogenic 
cadmium output in human society. 
 
Cadmium is an extremely rare element in our world, and it makes up only for about 0.1 
mg/kg of the Earth’s crust in average. Thus, it is virtually never found by itself in significant 
amounts anywhere on the surface of the planet, and it mainly occurs underground in association 
to other metals in ores and salts, particularly in sulfates and carbonates together with zinc. 
(Alloway 1995)  
The major natural sources for mobilization of Cadmium from the Earth’s crust into the 
surface are volcanic activity and rock weathering, while it can move inside the biosphere 
through forest fires, airborne soil and sea spray. In total, global Cadmium emissions from 
natural sources are estimated to be between 150-2,600 tonnes a year. As a comparison, the 
estimated anthropogenic air emission of Cadmium was approximately 3000 tonnes in 1995 and 
7,600 tonnes in the late 1980’s. (NCM 2003) 
Cadmium’s ability to condense onto very fine particles and be transported great 
distances by air contributes greatly to its spreading over the globe, and thus, it is estimated in 
models that 5-10% of anthropogenic Cadmium releases from Europe and Asia into the 
atmosphere get deposed on the Arctic ice cap, where, according to ice core records from the 
Greenland Ice Sheet, Cd deposition is now eight times higher than in pre-industrial times (NCM 
2003). 
 
Before the 1980’s, the use and disposal of cadmium compounds was very loosely 
regulated and as such, much more of the heavy metal was unknowingly released into the 
environment, leading to high rates of human intake in the form of ingestion and inhalation. It is 
estimated that daily intake of Cadmium in Denmark in that time was approximately 3.43 
µg/day/person (Miljøministeriet 1980, DME DPA 2012).  
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Due to the concern for this newly-discovered form of pollution, critical loads for lead, 
cadmium and mercury in Denmark have been calculated thoroughly for arable soils and forests 
after 1980 (E.g. Van den Hout), leading to stricter regulations in order to diminish the overall 
cadmium presence in society.  During this decade, the total consumption of cadmium in 
Denmark was approximately 110 tonnes per year. This was mainly in the form of pigments and 
stabilizers used in plastics, with plating and alloys contributing with a smaller fraction, and 
batteries representing the smallest amount of the cadmium used within society. The overall 
amount of cadmium being freed within society being too high, Denmark established a ban in 
1983 against the use of cadmium in plastic, among other similar measures, which resulted in 
lower cadmium consumption within Denmark since the 90’s, 49 tonnes per year, of which 
Batteries now accounted for the largest fraction of cadmium consumption (DME EPA 2013).  
 
Phosphatic fertilizers are another major road for cadmium into the environment, as they 
often contain undesired amounts of this element due to the relatively high concentration, up to 
500 mg/kg, of Cd in the phosphorites (rock phosphates) that are used for their manufacture 
(Alloway 1995).  
 
Due to the lack of monitoring and regulation, cadmium was found in large concentrations 
in commercial phosphate fertilizers used by Danish farmers, the amount of cadmium per kg 
phosphate being as high as 105.7 mgCd/kgP in 1987, while in 2002 the it would be as low as 
13.1 mgCd/kgP. For this reason, phosphatic mineral fertilizers accounted for up to 4% of the total 
discharge of cadmium into land during the 1980’s (NCM, 2003). 
From then on, Denmark has continued to draft and apply laws and measures to diminish 
pollution with cadmium, and with other heavy metals, in the soil. (DME DPA 2012) 
 
Today, cadmium is more a limiting factor in the use of substances of different 
backgrounds (like different kinds of fertilizers and imported mineral products) than a pollution 
problem; however, attention must be paid to how the remaining cadmium-containing resources 
in our society can be exploited safely not to recreate an environmental issue. 
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5.1 Sources of Cadmium and its applications  
 
This metal offers only a few viable industrial applications in today’s world, mainly due to 
its scarcity. Globally, cadmium is produced mainly as a byproduct of mining, refining and 
smelting sulphide ores of zinc, lead and copper; with zinc ores containing most cadmium of all. 
The content of cadmium in zinc ores ranges from 0.07% to 0.83% in mass, and this is 
the main global source of this metal, both for intentional use and as a contaminant. 
Furthermore, 10-15% of all cadmium consumed globally is obtained from secondary sources, 
such as the dust generated in the recycling of iron and steel scraps. (NCM 2003) 
Global reserves of cadmium associated with zinc ore (with an average Cd content of 0.3% in 
mass) are estimated on 600.000 tonnes, whereas the yearly global production of cadmium in 
the year 2000 was 19,700 tonnes. (NCM 2003) 
  
By far, the main global application for cadmium nowadays is in the fabrication of 
rechargeable Ni-Cd batteries, and in the past cadmium has also been used as a metal additive 
on the electrodes of primary cell, non-rechargeable alkaline batteries with the purpose of 
improving their mechanical properties. 
Even though this practice is now avoided, regular alkaline batteries still contain trace amounts of 
cadmium and other heavy metals.(Bernardes, et.al. 2003) 
 
 
Other applications for cadmium in modern society are the production of pigments, as a 
PVC stabilizer and as anti-corrosion plating in high-performance alloys, and although this use is 
gradually being phased out, it still accounted for a significant part of the total cadmium 
consumption in the EU in 2000. (EC, 2002). Cadmium used as an element in pigment and 
plastics is difficult to identify and is in no way feasible to extract for reuse. (NCM, 2003) 
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Figure 2 The end uses of cadmium in the EU in 2007-2008  
(DME EPA 2013) 
 
In total, batteries represented 55% of all western world cadmium consumption, and 73% 
of EU’s consumption in 2003. (NCM 2003) 
In Denmark, however, 90% of all intentional use of cadmium is related to the battery 
industry, while other uses account for only a few percent. (EC, 2002). Ni-Cd batteries disposed 
of in the proper way in Denmark can be recycled, and the cadmium in them reused. However 
collection of used batteries is not 100% of the potential (75% in 2003), due mainly to improper 
labeling and insufficient collection arrangements, resulting in batteries being disposed into 
regular waste. (DME EPA 2013) 
 
This way, batteries, or other cadmium-containing waste that is wrongly disposed of into 
regular waste, are likely to end up in a solid waste incineration facility, as incineration is the 
most common way of disposing of municipal waste in Denmark (DME EPA 2013). This process 
destroys virtually all components of a battery or practically any other solid object and reduces 
them to ashes, with the exception of the metals contained in them (for example in the anodes 
and cathodes of batteries), among them cadmium, which are volatilized by the high 
temperatures and can potentially be liberated into the atmosphere (Zhang 2001). 
In the mid 90’s, waste incineration accounted for 1.3% of all Cd emissions to the 
atmosphere, however, advances in flue gas cleaning and filtering made since then, have 
drastically reduced the release of heavy metals directly to the environment from the incineration 
process, instead partly changing it to a problem of how to control seeping from stockpiling and 
landfilling facilities, where other unhandled cadmium-containing solid waste joins in as part of a 
long-term containment problem. (NCMI 2003, DME EPA 2013). 
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Discharge of cadmium into land can happen via different routes. Long-distance 
atmospheric deposition of cadmium that has previously been released into the air (through 
waste incineration, for example) is the main cause for this heavy metal to end up in the soil, 
while refuse and fly ash from metal mining and refining operations contribute greatly in a more 
local reach. Phosphatic fertilizers are still a major road for cadmium into the environment, 
however, the content of this heavy metal is now heavily regulated, affecting the availability and 
price of this product. 
 
A last important source for cadmium pollution on land is MSS used as field improvement, 
since sewage sludge is commonly rich in organic nutrients, as well as N and P and it makes an 
easy substitute for commercial fertilizers. Any cadmium contained in the sludge amendment, 
however, will become a part of the soil matrix, and depending on a variety of soil characteristics, 
will become biologically available together with its natural components. From that point, 
cadmium taken up by a plant can be mobilized through animal ingestion and transportation of 
plant material and crops. (Alloway 1995).  
 The most important route  for cadmium to reach society is through diet (NMC 2003). The 
uptake however varies if ingested gastrointestinal  or via the lungs. The gastrointestinal uptake 
on average is 5% of the total intake. Some results for the proportion of cadmium found in 
everyday meals in Danish food products are shown in Fig. 3 (cigarettes are not considered in 
this data).  
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Fig. 3 Proportions of cadmium intake from main food groups in Danish population 
(DME EPA 2013) 
For this reason, the quality of municipal sewage sludge is strictly regulated, as is its use as field 
amendment. 
 
5.2. The Harmful effects of cadmium  
  
The two main ways for cadmium to enter the human body is through ingestion or by 
inhalation. However cadmium in its metal form is not toxic and does not affect the human 
metabolism, as opposed to its ionic form. Smoking tobacco is an important supplementary 
source of exposure for smokers  50% of the total cadmium intake is absorbed through the lungs 
(NMC 2003). Adult absorbs orally an additional 10-40 μg/day of cadmium (NMC 2003) 
 
The most dangerous property of cadmium compared to other heavy metals, is its 
accumulation throughout lifetime; it has indeed a half-life between 17 and 30 years in the human 
body. Once cadmium is in the human body it will not concentrate in only one specific part of it, 
but affect the whole system. This is another property of cadmium which makes it very toxic for 
any living being. 
27 
 
Cadmium in the human body can be measured by two different ways: it can be excreted 
in the urine, where the level reflects the long-term exposure, whereas Cd in the blood is an 
indicator of more recent exposure. 
  
Once in the organism, Cd is transported by blood to the liver. There, Cd will bond to 
proteins, forming complexes that are transported to the kidney. The kidney is the most heavily 
affected organ where at least 30% of the cadmium is found within the human system. The 
heavy metal will accumulate in the kidney, damaging all filtering mechanisms by causing renal 
tubular proteinuria, -glycosuria and -aminoaciduria changes, which are diseases causing 
changes for the body’s uptake and production of essential proteins and sugars. The critical 
concentration of cadmium in the kidney is about 150 to 200µg/g wet weight of renal cortex, as in 
the liver the concentration will only go up to 100µg/g. (A.Bernard 2008) 
 
Even though the kidney is the organ most affected by Cd, the effects only appear 
sometime after exposure. The very first reaction in the human body from Cd toxicity is directed 
on bone tissues. The effect of Cd on bones were not really evident until the Itai-Itai (ouch-ouch 
in Japanese) disease in the Cd-polluted area of Toyama in Japan, after the Second World War. 
It causes pain in the back and in extremities, and difficulties in walking. These effects on bones 
are due to Cd nephropathy resulting in an altered vitamin D metabolism and a urinary waste of 
calcium and phosphate. The cadmium will replace calcium in the bones. This happens because 
Cd and calcium have the same atom structure. There is still a question about Cd urinary 
associated with bone density. (Muhammad Sughis, 2011 and DOE 2003) 
 
A lot of theories also blame Cd as a carcinogen. The strongest evidence comes from 
workers who have been exposed to Cd by inhalation, where it is thought to have caused lung 
cancer. It should be noted that cadmium consumed in relation to ingestion is not considered 
carcinogenic (DME EPA 2013). Some other experiments have been made where animals, that 
have received Cd, produce cancer at various places. (A.Bernard 2008) 
Recent theories propose that cadmium could have an effect on human DNA structure, it is 
however as of yet unproven.The best way to diagnose a person with high level of Cd in the body 
is by testing the urine for microproteins. 
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Before the regulations were put in place around the 1980s cadmium had a wide range of 
uses in Europe and denmark, leading to an overall higher consumption of cadmium in society. 
This leading to a high uptake in humans which in turn lead to higher levels of diseases 
contributed to through cadmium. Costing both human lives and money in the form of health care 
in denmark. 
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6. Soil properties and other factors influencing the bioavailability of 
Cd in agriculture? 
Soil properties and other factors determine how much is cadmium fixed to the soil 
matrix, and how much becomes part of the soil’s liquid component from where it can be 
absorbed by plant roots or percolate down towards the groundwater. 
 
Plants can uptake cadmium both from the soil or from the air. We will mainly discuss the 
uptake of cadmium by from the soil (as illustrated in Fig. 4), because of the connection with 
sewage sludge.  
The total amount of cadmium found in soil can be summed up by the cadmium content 
in each of the soil’s component phases: the soil solution (where cadmium will be as a free 
cation), the colloidal phase composed of clay and humic compounds (also known as cation 
exchange complex), and the hydrous oxide precipitates; the air phase and the coarser solid 
phase (silt and sand minerals) are not considered in detail as they don’t directly interact with 
cadmium. 
 
 
Fig.4 Mobility of Cd in the soil-plant system. 
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Cadmium has no known function for plants. In fact, the roots of the plant will absorb the 
cadmium ions (Cd2+) only because of its chemical similarity with the calcium (Ca2+) ion. 
Noticeable is that both calcium and cadmium have similar radii, making them very similar to the 
uptake and transport mechanisms of plant roots. However, calcium is implemented in the 
membranes of the cells and is therefore an essential nutrient for plants. As such, calcium 
deficiency in the plant or a calcium-poor soil solution will cause increased uptake of cadmium 
(Peterson and Alloway 1979 p 82). Mn2+,  Zn2+, Cd2+ and Ca2+ all compete in the uptake from 
the soil solution in the cation exchange on the root surface.   
 
Fig.5 Cation adsorption by clay and humic complexes in the colloidal phase. (adapted from Brady 
& Weil 2008) 
 
The surface of clay and organic colloid particles in the soil being electrically negative, the 
cadmium cations can be attached (adsorbed) to them by electrical forces (see figure 3). For the 
roots to absorb any cations, they must first separate them from the soil particles. To achieve 
this, roots release hydrons (H+) that are more strongly attracted by electrostatic forces, 
performing an exchange of cations with the soil particles (see figure 5). This is a function 
common to all plants, which allows them to absorb positive ions from the soil against 
concentration gradients (Peterson and Alloway 1979). 
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Once the cadmium ion has been absorbed by the root, it will be quickly transported to 
the open-air part of the plant. Cd is more frequently found in the leaves of a plant than in the 
flower or in the fruit (Chengbao 2005). When the leaves fall, unless removed by animals or 
human activities, cadmium will return to the soil to form part of the humic complex once more. 
 
The metal’s ions in the soil solution are only immediately available for the plant uptake if 
there is sufficient moisture present to enable the ions to inhabit the liquid phase of the soil, 
making it the most important place for cadmium to be found in terms of plant uptake. 
The second most important form in which cadmium occurs in soils, is as adsorbed 
cations in the cation exchange complex as detailed in figure 5. The absorption of cadmium and 
any other metal depends heavily on the cation exchange capacity of the colloidal phase.  
 
 
Fig.6 Detail of cation exchange (adapted from Campbell & Reece 2012) 
 
After the cadmium found in the colloidal cation exchange complex comes the cadmium  
adsorbed and bound to hydrous oxides. Binding in this phase occurs in much smaller amounts 
than the two previous ones, as cadmium is much more weakly attached to hydrous oxides than 
to clay particles or humic complexes. 
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Depending on the constitution of the colloidal phase, the amount of cadmium adsorbed 
will change radically, where humus contributes with a 200mEq/100g (mEq: milliequivalents) and 
hydrous oxides with 4mEq/100g. 
 
The Cd in a plant depends then primarily on the amount of Cd in the soil. There is a 
concept that suggests that plant Cd can be predicted from the soil Cd. This concept is called the 
transfer factor (TF) and it is the slope of the proportional line between soil and plant Cd content 
by dry mass. This proportional line varies a lot depending on the soil properties.  
 
As mentioned, soil properties control the availability of Cd in soils. Soil pH more than any 
other single factor, influences plant uptake of cadmium. In low soil pH conditions, a larger 
amount of cadmium will be released from the adsorption sites due to cation exchange occurring 
with the hydrons from the solution. It has been shown that the increased solubility of cadmium at 
low pH is reflected as an increased cadmium uptake by the plant. 
Artificially keeping a pH of 6 and above will lead to a reduction of the soil toxicity. This 
method is used on agricultural soils, limiting the cadmium plant uptake (by promoting its fixation 
to the soil matrix and lowering its solubility). Still, this pH readjustment of the reduction of plant 
cadmium uptake is not enough to prevent all plant uptake (Brady and Weil 2008).  
Another factor influencing the cadmium content of plants is the amount of phosphorus 
(P) added to the soil. The effects of phosphorus on plant growth and root development 
appeared to decrease the cadmium uptake. (Smolders 2001 & PJ.Peterson and B.J. Alloway 
1979) 
Phosphate (PO43−) application and placement, however, can have a different effect on 
plant uptake. If phosphate is applied at the surface of a phosphate-deficient, the roots of the 
plant will spread in the zone of enrichment and the cadmium uptake will be much easier for the 
plant, especially at low levels of phosphate. Thus, phosphate application is very likely to favour 
the uptake of cadmium in P-poor soils, although the evidences have been harder to find in soils 
with higher levels of phosphate. 
A last factor influencing cadmium uptake is the interaction between cadmium and zinc. 
Several experiments (PJ.Peterson and B.J. Alloway 1979) have shown that high zinc level 
enhance the plant cadmium uptake. Which means that when a plant is grown on a high zinc 
level soil it will have higher cadmium concentration then if it had been grown on a low zinc soil. 
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Some agricultural products usually contain high Cd concentration, durum wheat, 
sunflower kernels and flax are known to have high Cd crops. This is due to different plant 
species naturally having different transfer factors of cadmium from soil to plant due to 
differences in their ability to change the soil’s CEC, and on their particular needs for mineral 
nutrients, especially calcium. Specific examples of this being wheat, which has a transfer factor 
of approximately 0.15, and potato tubers having a TF ranging from 0.18 to 0.07 (Smolders 
2001) 
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7. The path that cadmium follows in society and nature (focusing on 
municipal sewage) 
 
What path does cadmium follow in society and nature and how does that manifest itself 
in the Danish arable land? This should contribute to a more general understanding of how two 
different ways of treating waste ultimately can have two very different effects on how cadmium 
mobilizes itself in the environment and how that affects the soil apt for producing foodstuff. 
 
 
Fig. 7. A simplified pathway diagram for Cadmium. 
 
 
Figure 7 presents the reader with an overview of what this chapter will focus on in more 
details.  
The purple arrow represents cadmium from incinerators, it gets released from the smoke 
and out into the atmosphere. The origin of the cadmium from the Danish society varies from 
industry waste products to waste, produced in households, this is represented by the yellow 
arrow. The green arrow represents the portion of cadmium that, through incineration, indirectly 
reaches the Danish arable land. However, some of the cadmium recirculates, through rain into 
the sewage water that again must be treated and joins the sludge. This is represented by the 
red arrow. 
Some of the sewage sludge is also directly spread on the Danish arable land in form of soil 
amendment this is illustrated by the brown arrow. 
 The circle is closed when crop or livestock is grown or live in or of soil polluted with 
cadmium, as is then consumed in the Danish society. This link is illustrated by the orange arrow. 
35 
 
As to the inputs of cadmium in danish society we refer to chapter 5 on cadmium in 
society and subchapter 5.1 of cadmiums origins and applications which should give an 
explanation on this subject. 
Cadmium is liberated from solid waste and sewage sludge into the atmosphere mainly 
through incineration. The specifics of this process pertaining MSS are explained in chapter 8. 
 
One way the atmosphere has an impact on the concentration of cadmium in the sewage 
sludge is through rain. According to danish and european regulations, paints are not allowed 
contain more than 0,1% Cd-metal in weight. This paint can however still contain a miniscule 
concentration of Cd which can make its way into the sewage sludge when washed down and 
carried away by the rain. The same applies for coatings on city architecture and Cd deposited 
from atmospheric pollution on rooftops and streets. Rain water pollution on its own has been 
estimated to lie at about 0.73µg Cd/L. (DME EPA 2013) 
 
How cadmium makes it into the soils of fields and into agricultural plant, thus also into 
edible crops and livestock, is explained both in the chapter on incineration (8), the chapter on its 
use as field fertilizer (9) and the chapter on the bioavailability (6). 
As an example of the role that sewage sludge can have in the transit of cadmium from 
society into the soil and into food products, a study from England during the 1970s on the 
amount of cadmium content in potatoes grown on sewage sludge treated soil placed it to lie at 
about 20µg/g-1 dry weight as opposed to potatoes grown on untreated soils, which had a 
cadmium content of about 0.05-0.3µg/g-1 dry weight. (PJ.Peterson and B.J. Alloway 1979) 
 
From there, cadmium returns to society as a stowaway in foods and agricultural 
produce, where a fraction of it will be absorbed and stored for many years in the population, 
while the rest will be excreted into the municipal sewage system to begin its travel towards 
agricultural soil again.  
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8. Incineration of municipal sewage sludge 
 How does the municipal sewage sludge undergo incineration and what measures are in place 
in Denmark to control its liberation to the environment? What benefits and risks does this 
method present? 
 
After the treatment of the sewage water, the resulting raw sludge first undergoes 
thermophilic anaerobic digestion from which biogas is harvested. The digestate is again 
dewatered and dried at the drying facility before being transported to the incineration plant. At 
the incineration plant, it is fed into the lower part of the furnace and air is injected at pressures 
from 20 to 35 kilopascals which simultaneously fluidised the bed of hot sand and the incoming 
sludge. 
 
Temperatures of 750 to 925°C are maintained in the bed. Residence time is between 2 
to 5 seconds and as the sludge burns, fine ash particles are carried out of the top of the furnace. 
Some amount of sand is removed in the air steam. The combustion of sludge occurs in two 
zones: within the bed itself, where evaporation of water and pyrolysis of the organic materials 
occur almost simultaneously as the temperature of the sludge is rapidly raised. In the second 
zone, the remaining free carbon and combustible gases are burned. With fluidisation, there is an 
ideal mixing between the sludge and combustion air and turbulence facilitates the transfer of 
heat from hot sand to the sludge.  
 
Heavy metals contained in MSS have the possibility of ending in two different places 
after incineration: they can be left as bottom ash in the bed of the incinerator room, or they can 
escape the room as part of the flue gas exhaust. 
Whether the one or the other thing happens with these heavy metals, and in therefore 
also cadmium, depends primarily on three factors: 
 
1. Occurrence and distribution of the element in the input waste 
2. Temperature, redox conditions and the presence paired with the quantity of reaction 
partners(other than oxygen) in the furnace bed.   
3. Residence time and mixing conditions in the furnace bed. (Belevi 2000) 
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As already explained, the temperature in the incinerator is extremely high. This is done 
to prevent the formation of dioxins and furans, but also affects all organic compounds already 
present in the sludge. Thus, it can be expected that most, if not all, pre-existing organic 
pollutants will be destroyed during the process and transformed into CO2. However, elemental 
pollutants (i.e. chemical elements that pose an environmental threat regardless of them forming 
part of a chemical compound or not) will prevail in either of the end-products. (Zhang 2001) 
This means that no matter what they end up in (flue gas or landfills), elemental 
contaminants represent an environmental risk. This is all the more true in regard to heavy 
metals, since they will retain their toxicological properties throughout any thinkable treatment 
short of nuclear transmutation, and regardless of the chemical processes undergone during 
incineration, they will still be found in either the flue gas or bottom ash residues. 
 
Thus, each of the roads Cd could follow during incineration offers different challenges 
and possibilities for containment. cadmium which is not volatilized during incineration, remains 
in the bottom ash, which can be collected and prevented from immediately escaping into the 
environment. However, disposal of the bottom ash itself presents a big environmental risk, since 
ash is a highly reactive material, which can lead to leaching when disposed of in landfills, 
exposing the environment waste that is highly enriched with trace elements, among them 
Cadmium. (Belevi 2000) 
 
On the other hand, cadmium that is volatilized by the high temperatures will evaporate 
and eventually condense to form metallic particles or depose itself on the surface of 
microparticles (diameter <1μm) and join the exhaust gas. (Zhang 2001) 
Between 70% and 90% of all Cd contained in the incinerated sludge will evaporate under high-
temperature incineration (Zhang 2001, Belevi 2000), and if not recovered through the flue gas 
cleaning facilities, will be emitted into the atmosphere. 
The fact that Cd is usually associated with extremely fine particles means that it is not 
easily trapped by filters, and several studies suggest that incineration is the single largest 
source of atmospheric cadmium in the UK, since as much as 5% of all the Cd contained in the 
input waste of of an incineration plant will slip through the flue gas cleaning systems into the air 
(Feng 1999). 
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Higher content of cadmium in the sludge means, naturally, that more cadmium will be 
present in both the flue gas and the bottom ash. However, the size of the particles Cd is 
associated to, play a big role on whether it will be volatilized or it will remain in the ashes. The 
bigger the particle containing cadmium is, the slower the volatilization process will be. (Belevi 
2000) 
In this regard, sewage sludge is one of the kinds of municipal waste that burn to let out 
the most Cd into flue gas, since most of it is found in ionic form, adsorbed to finely-grained 
organic colloids. (Zhang 2001) 
 
Counterintuitively, longer burning times do not necessarily mean higher rates of 
volatilization, since cadmium transfer rates to flue gas reach maximum levels after 30 minutes of 
burning at 900°C. Temperature is probably the most important factor when considering the 
volatilization of Cd inside an incinerator, since the mass loss of Cd from the bottom ash 
(corresponding to the total mass of Cd that evaporated) is negligible at 500°C, but increases 
sharply to 69% at 850°C and 74% at 1000°C. 
A suitable explanation for this is that, under temperatures of 700-900°C, 30-70% of all 
cadmium oxide (formed as a reaction of Cd with atmospheric oxygen) is transferred into metallic 
cadmium and cadmium chloride, with boiling points of 765°C and 960°C, respectively (Zhang 
2001). 
Coincidentally, it is considered that the most suitable temperature for the incineration of 
organic waste is between 850°C and 1000°C, since dioxins will form below the former, and 
damage to the incinerator facility is likely above the latter (Zhang 2001). This is important 
because the recommended operating temperatures for incineration coincide precisely with the 
range of temperatures in which Cd volatilizes the most. 
 
As to reaction partners other than oxygen which might be present inside the incinerator, 
Cl is perhaps the most important in determining which way cadmium exits the process. As 
mentioned before, cadmium chloride is an important source for Cd lost into flue gas due to its 
relatively low boiling point; thus, the amount chlorine present in the incineration chamber plays 
an important role in the overall emission of cadmium into the atmosphere (Belevi 2000). 
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8.1. Benefits and risks 
 The following chapter will present the reader with insights in how incineration of 
municipal sewage sludge can benefit society according to our criteria for comparison (see 4.2). 
 
 The largest amounts of municipal sewage sludge are normally produced in the major 
urban centers. When considering this fact, it might seem a suiting idea to take advantage of the 
large incinerators in industrial areas just outside the larger cities, so that the medium-sized cities 
the transport their surplus of sludge to the previously mentioned plants. This is already done in 
the Avedøre MWWTP where in 2012 they received a total of 2,474 t of sludge from Hillerød, 
Gribskov and Ballerup (Miljøredegørelse 2012 Avedøre3). This allows them to actually save 
money by keeping a constant temperature in the bed of the incinerator for a longer period of 
time, as it takes large amounts of energy to heat the furnace to operating temperature, but as 
long as the incineration is not interrupted, the process is self-sustaining (Dalum). This would 
present an economic advantage on the face of an increase in the incineration of municipal 
sludge, in that larger amounts of sludge, even from geographically distant sources, could be 
treated without the need to provide extra infrastructure (Criterion 3-A), and even though no more 
jobs are created with the placement of more incinerator facilities, the need for a logistic network 
for the sludge from the remote to the cities would offset this lack (3-C). 
 
Without outsourcing the incineration of sludge from the rural areas into the larger cities, 
however, the problem arises that smaller cities or small communities that do not already count 
with their own incinerator run a great risk by building one, as they might not be able to keep a 
constant flow of sludge in amounts suitable for sustainable continuous operational times. 
Similarly, reductions in the incineration of municipal sludge might bring with them great 
economic strife to existing incineration facilities located in more remote regions, especially if 
they perform a function to the local community as power sources of some sort (3-B). 
A relatable example is the solid waste incinerator located in the city of Roskilde, which at 
present imports solid waste from England and Ireland to be able to keep its operational times, 
as up to 20,000 homes depend on its functioning for district heating and electricity, and the solid 
waste production from Greater Copenhagen is currently at a low point due to the most recent 
economic crisis (KARA/NOVEREN). 
                                               
3 Miljøredegørelse 2012 Avedøre is an environmental report compiled by the administration of the 
Avedøre MWWTP and presented to the group as a printed hand-out. Can be presented upon request. 
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On the other hand, in existing incineration facilities located near larger urban centers 
where the production of municipal sludge is steadier and more abundant, a single burner can be 
used flexibly to accommodate a wide spectrum of loads simply by extending or shortening the 
periods of continuous operation, in which the heating of the burning chamber is largely self-
sustaining, thus the increase sludge to be incinerated brought by a decrease in fertilizing or 
vice-versa would imply no need for larger infrastructure or no operational difficulties unless 
radical prohibitions in this practice were ruled. 
 
This presents an essential dilemma when considering incineration of sewage sludge, in 
that it is a space efficient method that can be run throughout the year and is flexible to increases 
in sludge production, and the sludge is a cheap alternative to other energetics (3-B). However, 
the more remote regions of Denmark may not have a large enough production of sludge to 
present a viable source of fuel for even a small sized incinerator without transport the sludge 
over great distances. 
 
As mentioned before, incineration is the preferred method for the disposal of most types 
of waste in Denmark, not only municipal sewage sludge. This partly due to the advantage of it 
being a relatively clean method; in terms of cadmium let out into the environment (1-A), only 2% 
of the total input escapes with the flue gas (DME EPA 2012). 
However, in a more long-sighted perspective, the total polluting potential of this method 
includes the cadmium subjected to long-term storage while still in it’s polluting form (1-B), and 
under such light, incineration doesn’t really solve the problem with cadmium. This is due to the 
fact the the cadmium trapped by the filters and recollected from the bottom ashes of the 
incinerator (about 98% of the input Cd) is still found in a highly mobile form, adhered to 
microparticles of ash and soot, in which it can easily be carried away by the wind if the landfill is 
not covered (such is the case of Avedøre’s landfill); and in a highly reactive form as well, in 
which it can easily be dissolved by water and escape into the surrounding soil should any 
breach in the bottom of the landfill present itself due to physical or chemical wear. 
This takes the analysis to the next logical criterion, the severity of the relatively little 
pollution (at least in the short term) let out by the incineration process (Axis 2). In this line of 
thought, there is practically no control over which areas will be affected by the escaped 
cadmium in the flue gas (2-A), and should there be enough chlorine available as a reaction 
partner inside the incinerator (from household disinfection media, swimming pool cleaning 
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products or dissolved chlorine salts), a large portion of the cadmium in the flue gas will be found 
as soluble CdCl2 salts, making it much more readily available for biological uptake after its 
deposition, or accelerating its return to the mixed rain and waste water sewage system. 
 
8.2. Incineration at Avedøre MWWTP  
 The following chapter involves a description of the concrete case of the Avedøre 
MWWTP. This example presents a real-world angle on how the incineration process is anno 
2012 Denmark by explaining the experimental results obtained from the samples taken around 
Avedøre. 
 
 The Avedøre MWWTP is located in the south of Copenhagen, on the southern edge of 
Hvidøvre. It processes wastewater from 10 different municipalities around and including 
Copenhagen and has a maximum capacity of treating up to 20,000  m3/h. The waste received is 
accountable for almost 135,000 individuals and 85% comes from private housing. The 
remaining 15% comes from industrial areas and, according to regulation, is cleaned and treated 
by the producers before arriving at the plant. However, the Avedøre plant doesn’t incinerate 
exclusively MSS from its own production, but also MSS produced at MWWTP’s in Hillerød, 
Gribskov, Ballerup, Damhusåen and Lynetten (Miljøredegørelse 2012). This contributed with 
2,474 tonnes of sludge dry weight to the total of 7,914 tonnes sludge dry weight Avedøre 
treated in 2012.  
 
Input wastewater is cleaned in Avedøre before being released into the sea, leaving 
behind sludge that is incinerated in it’s totality. This treatment involves a series of processes, 
firstly separation of solids and oils followed by sedimentation (letting it rest until the organic 
particles are found at the bottom of the tanks), then by digestion (aerobic and then anaerobic). 
After the final clarification of the water and chemical deposition of the soluble P (to avoid 
eutrophication of the marine environment when the treated water is released), the initial sludge 
is then moved to a series of large digestion tanks for stabilisation, where biogas is produced 
from mesophilic digestion (a form of fermentation occurring at a higher temperature, 30°C). This 
gas is then used to generate electricity, mainly for the generators used to incinerate the sludge. 
This lead, as part of the low-CO2-emissions policy of the plant, to an internal production of 7.5  
GWh from biogas in the year 2012, offsetting a significant part of the large amount of energy the 
plant consumes in its treatment and burning operation. 
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 Danish incineration facilities are allowed cadmium emissions of up to 0.05mg/normal m3 
(m3 air at 273.15 K and a pressure of 101.3 kPa as dry gas); this value is for both cadmium and 
cadmium compounds indistinctly. Furthermore, the gathered cadmium and titanium emissions 
from Avedøre in the interval 2008-2012 did not exceed 4% of total input by mass 
(Miljøredegørelse 2012 figure 14). 
The furnaces of the incinerator need to be capable of operating even during 
unfavourable conditions, to burning times of 2 seconds per load at 850°C. If the facility also 
stores any form of garbage, it has to have storage space build for the purpose as to avoid any 
undesired releases of environmentally harmful substances to either soil, surface water and 
groundwater (BEK nr 1,451 2012).  
 After burning the sludge and reducing it to ashes, the cadmium does not disappear; and 
average of 2% escapes the filters and is let out in the atmosphere, while the 98% remain in the 
ashes.(DME EPA 2012). In 2012 a total of 3088 tonnes of ashes was recovered containing 0.42 
µg/l of cadmium, with a limit of 3 µg/l by law.(Miljøredegørelse 2012) 
 
For this case study, the two samples for experimenting were chosen near Avedøre 
MWWTP. The first one was taken 3.5 km north from the incineration facility, down-wind from it 
in the predominant wind direction, which is the exposed field (Hvidøvre). The second sample, 
extracted from a field 10km away from the predominant wind direction from the facility 
(Kalvebod Fælled) is considered the unexposed field.  
Looking at the results in detail (Table 1), we can say  that the exposed field has a much 
higher concentration of cadmium than the unexposed field: the exposed field has a content of 
0.0684 mgCd/kgsoil, while the unexposed field has a content of 0.0012 mgCd/kgsoil, a little under 60 
time lower. This results make it very clear that incineration lets out a relatively large amount of 
wind-transported cadmium through the exhaust gas, in comparison to atmospheric deposition 
from the city’s background.  
However, even the highest cadmium content detected in our samples is still more than 
eleven times lower than the allowed limit in danish environmental regulation (0.8 mgCd/kgsoil, 
DME EPA 2012). 
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 Soil properties of the samples collected were also measured, with the intention of 
making a more comprehensive link between the different soil properties and the cadmium 
content. 
To this end we look at the carbon and clay content, knowing that cadmium is mostly 
adsorbed to these two soil components. For both carbon and clay, we notice a proportionally 
higher amount on the exposed field than on the unexposed field. The amount in the exposed 
field of carbon content is 3.59% and the clay content is 9%, as in the unexposed field the carbon 
content is 1.55% and the clay content is less than 1% of the whole soil content. These results 
can partly explain the large difference of cadmium content in the samples, as lower clay and 
humus content imply lower retention of the cadmium in the soil matrix, accelerating the 
percolation of the already smaller amounts of Cd received by the unexposed field, away from 
the topsoil, typically towards the underground water mirrors. 
 
As for soil pH, both samples have almost the same pH value - 6.3 for the exposed field 
and 6.4 for the unexposed field. These results mean that the soil extracted is only very slightly 
acidic, and point away from cadmium availability as an important process in the soils in hand. 
Cadmium ions are affected by the soil pH; the higher the pH, the stronger the bonds between 
cadmium and soil particle will be. A pH of ca. 6 means quite a strong bond between cadmium 
and the soil particles (Alloway 1990), making it not only more difficult for plants to uptake the 
cadmium from the soil but also slowing its mobilisation through the soil.  
The presence of CaCO3 in both fields shows us that the pH of the field is being 
intentionally kept high by liming (curiously, this is also the case for Kalvebod Fælled, a protected 
natural area). Without the added CaCO3 the pH value of the fields would have had been much 
more lower due to natural acidification processes (see chapter 9.1), increasing the risk of 
mobilization and uptake of Cd, especially in the Kalvebod Fælled field. 
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9. Municipal sewage sludge used as fertilizer 
 Which processes does municipal sewage sludge undergo when treated to become field 
amendment and which benefits and risks does this present within Danish regulations? 
 
Agriculture in Denmark is several thousands of years old. While it was easy for farming  
to spread on the islands, the transformation of most of Jutland by agriculture happened more 
gradually throughout the early history of the country, as large areas of forest were progressively 
cut down to make space for farming. Some areas have thus remained as arable land for 
centuries, while others were abandoned after the soil was exhausted and farming became 
unproductive, and let to become heath or grassland. 
All in all, a big portion of the country has been devoted to some form of farming for over 
a millenium and by the 19th century over half of the total area fell under this use (DMU AU 
2008). As of 2010, 61.4% of the total land area of Denmark was devoted to agriculture. 
(Landbrug og fødevarer 2012) 
Constant and intensive farming quickly depletes the soil from the nutrients necessary for 
growing more crops. This is due to many different aspects of the modern agricultural practice, 
but is mainly related to the continuous removal of the crops from the soil, breaking the cycles of 
renewal that would normally take place from dead plant material, and exposing it to erosion and 
leaching, further reducing the soil’s capacity to bear a harvest. (Cordell 2010) 
 
Possible methods for adding the nutrients to the soil that are constantly removed by 
harvesting consist of either chemical fertilizing, organic fertilizing or a combination of both. 
Organic fertilizer (organic in the sense of having its origin in living organisms, usually in the 
shape of animal manure or either industrial or MSS) is sometimes preferred in that it allows for 
cheaply recycling organic matter and nutrients from waste that are anyway available throughout 
the country. 
In household waste water, the main component of municipal waste water, most of all soluble 
phosphorus and nitrogen comes from human excreta (which contains more than six times more 
P by weight than cow dung), and not from the greywater component. This means that in more 
densely populated areas, the chemical value of municipal sewage sludge is much larger than in 
low-density regions (Fig. 8) (Cordell 2012). 
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Fig. 8 Geographic differences in the production and demand of phosphorus in society (Taken 
from Cordell 2012). 
 
From the 1980's to around 2002, Denmark had a stable production of sludge at around 
140,000 tons a year, containing, along with all the desired plant nutrients, an average of 
1.3mg*kg-1 of cadmium (Jensen, Jepsen 2004). Therefore, the practice of using any form of 
sewage sludge as field improvement in Denmark is required to follow a number of regulations. 
 
Sewage sludge which is to be used in agriculture must have gone through analysis 
according to the danish Ministry of food, agriculture and fisheries, however, smaller public 
treatment plants don’t have to do analysis of their water or sludge if they have a daily 
processing of water which is 500 PE or less4. 
Fields which are to be fertilized with sludge from wastewater plants are not allowed to 
exceed a certain concentration cadmium in the soil prior to sludging, according to values 
instituted as being 0,5mg/kg dry weight (BEK 2006). 
 
Sewer sludge from wastewater is permitted to be used as field improvement as long as it 
has been processed to certain established standards and is not tested to contain cadmium 
above certain standard values. These processes and values are established by the Danish EPA 
                                               
4 1.-PE  (Population Equivalent) being defined as 500L wastewater containing  60g 
BI5, 13g total nitrogen and  2,5g total phosphorus. So 75,000 L or less wastewater a day. 
4 
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and Ministry of environment with EU environmental policies as reference and are applicable 
nationwide (HELCOM 2002). 
 
The first step of processing required for sludge intended as fertilizer is heating to or 
above 70°C for at least 1 hour, this method must be documented with time and temperature. 
The second method consists of adding burnt chalk (Calcium carbonate and calcium hydroxide) 
for at least three months allowing the sludge to reach a pH of 12, where the entire process must 
be documented with time and pH. The last method is adding the sludge to a biogas reactor at its 
digestion temperature as well as having it processed in a separate hygienisation tank together 
with being processed in a mesophilic (temperature around 30-40C) and thermophilic 
(temperature above 60 C) reactor tanks for durations dependant on the temperature of these 
tanks (BEK nr 1650, Miljøministeriet 2006). 
Municipal waste water treatment plants are furthermore required to have storage 
capacity to at least nine months of sewage sludge production if the sludge is planned for use in 
agriculture. (Jensen, Jepsen 2005) 
 
In spite of there not being any regulatory processing to eliminate cadmium or any other 
heavy metal from waste water and the resulting sludge, there are also regulations as to the 
maximum concentration of cadmium in the end-product sludge to be used as fertilizer; in this 
regard, no form of sewage sludge may be used if it contains more than 0.8mgCd/kgsludge dry 
weight or 100mgCd/kg total P, or if using it implies adding cumulative amounts higher than 
0.15kgCd/hectar per year to a particular field. All these limits are lower than those set in EU 
regulations. 
(DME EPA 2013) 
 
9.1 Properties of the Danish arable soil and common practices in Danish agriculture 
 
The present surface of Denmark is shaped entirely after glacial activity, mainly the 
Saalian and Weichselian glaciations that occurred during the Pleistocene (350-130 and 118-
11.5 thousand years BC respectively). Thus, most of Denmark’s soils consist of, or formed from, 
either glacial till, glacial outwash or glacial lacustrine deposits (Fig 9), and even though different 
areas have been modified by wind and marine activities to varying degree, the vast majority of 
of the Danish landscape can be classified as moraine, i.e. irregular, poorly sorted terrain 
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belonging originally to many different parts of Scandinavia and the Baltic but brought Jutland 
and the archipielago by glacial movement. (Jensen, Reenberg 1986) 
This movement of material from different, sometimes distant sources, and the 
mechanisms through which it was deposited on what today is the Danish soil are vital in 
understanding the characteristic soil properties of the country, however, it is also important to 
consider the climate and, not least of all, the intense human activity that rule on it to fully 
understand the nature of the Danish (or any other) soil. (Brady, Weil 2008) 
 
Fig. 9 Soil formed after glacial movement (Modified from Brady & Weil 2010) 
 
Rather than constituting a permanent ice cover, both glaciations consisted of a series of 
ice sheet advances and retreats, each coming from different directions and therefore dragging 
materials of different natures with them. Many of the different ice sheet advances failed also to 
cover the whole of Denmark, so that different materials were not deposited uniformly over the 
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territory, resulting in some clearly recognizable boundaries different landscapes. (Balstrøm, 
Jensen 2013) 
Thus, the likely cause for the most important geomorphological dividing line in Jutland, 
the Main Stationary Line, which marks the boundary between the predominantly sandy regions 
of central and south western Jutland and the more loamy moraine in the rest of the peninsula, is 
the limit of the Weichselian ice sheets’ maximum advance, whose meltwaters carved the broad 
depressions of the east in which many younger rivers and wetlands can now be found, and 
whose several advances and retreats deposited alternating layers of sandy and clayey and 
lime-rich and poor materials over eastern Jutland and the islands.(Balstrøm, Jensen 2013) 
The Weichselian partial coverages, in turn, deposited their material over sediments from 
previous glacial leftovers from the Saalian glaciation, worth mentioning among them the Drenthe 
Ice advance, which covered all of Denmark from the northeast with lime-poor sandy material 
provenient from southern Norway and Sweden, and the Warthe Ice advance which invaded 
from the east and southeast and covered all but the westernmost part of Jutland with clayey 
material from the Baltic sea rich in calcium carbonate. (See Fig. 10) (Balstrøm, Jensen 2013) 
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Fig. 10 Distribution of the predominant soil types in Denmark. 
(1: Mostly fine-textured Cambisols. 2: Mostly low-clay, high-humus Luvisols. 3: Mostly low-clay high-
humus Luvisols and often Alisols, high acidity clay soils with some highly leached sandy Podzols. 4.- 
Mostly Alisols, high acidity clay soils and highly leached sandy Podzols. 5 Almost even distribution of 
Cambisols, Alisols, Podzols and Luvisols.) (From Breuning-Madsen & Jensen 1996) 
 
To this complicated mosaic of lime-rich and poor sandy, loamy and clayey soils must be 
added the effect of the climate in Denmark. With predominant winds blowing from west to east 
on the west coast of Jutland, large amounts of wind-blown sand have been deposited as far as 
tens of kilometers inland, adding evenly to the mostly random sandy and loamy glacial deposits. 
This means that large areas of the Jutland peninsula formed originally as extremely poor 
quality sandy soils with very little vegetation and prone to downwards nutrient leaching and 
acidification, ending up mostly as heaths and dune regions. This slowed down the spreading of 
crop-growing activities in central and west Jutland for many centuries. 
On the archipielago, mainly Zealand and Fyn, soil composition and landscape are quite 
different; there, prevailing loamy and clayey soils with often-occurring subsoil deposits of lime-
rich clays and naturally higher pH (as can be seen in tests made in forest areas) have done a 
relatively better job sustaining agricultural activities on most of their extension for over a 
thousand years. (Jensen, Reenberg 1986 and Balstrøm, Jensen 2013) 
 
Constant rains, as those that occur in Denmark, are the main factor in promoting the 
acidification of the soil, especially in the sandy areas that present poorer water retention. This 
leaching of alkaline cations down through the soil profile also removes important nutrients from 
the topsoil and reduces its overall Cation Exchange Capacity (CEC), making it harder for plants, 
especially crops, to grow. This makes nearly all of the Danish soil’s quality naturally low, and 
means that any agricultural practice will depend on techniques both for replenishing the lost 
nutrients in the topsoil, and to artificially increase the pH of the soil, slowing the leaching of 
nutrients and increasing the capacity of plants to absorb said nutrients from it. (Jensen, 
Reenberg 1986 and Brady, Weil 2012) 
Up to the 19th century, this was traditionally (if not quite knowingly) achieved by 
excavating a pit on a particular point of a field for subsoil material which often would contain 
glacial lime and clays that could be then mixed with the topsoil as a primitive form for 
amendment, which would in some cases successfully increase the pH and CEC of the soil. In 
the heaths of Jutland, deepening the plough layer to over 40cm made it possible to reach the 
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leached organic horizon of the typical spodosol (podzol in Danish) and mix it back to the 
surface, thus achieving an appropriate organic content in the topsoil for growing crops. 
Nowadays, however, liming of fields to increase its pH is performed with calcium carbonate 
cheaply extracted from lime quarries such as the one in Faxe Kalkbrud, and fertilizing is 
performed by spreading the fields with a nutrient-rich substance, industrially produced or 
recycled from other agricultural activities in the locality. 
 
The most important nutrients to be found in any fertilizer are potassium and water-
soluble forms of phosphor and nitrogen, in particular phosphate, nitrate and ammonia salts. 
This fertilizers are commonly manufactured substances of mineral origin and, mainly to the 
scarcity of phosphatic minerals on a global scale, are becoming increasingly expensive, with 
prices rising about 800% during the last decade and concerns increasing about an imminent 
peak and irreversible decline in their production worldwide.(Cordell 2010) 
Furthermore, cadmium is present as an unintended trace component in the phosphatic rock 
used in the production of commercial fertilizers and as such, it makes it into the soil when the 
amendment is applied, having contributed with as much as 105.7mgCd/kgP 5 during the 1980’s. 
(DME EPA 2012) 
An often sought-after alternative to mineral fertilizers, as mentioned extensively in this 
project, is the use of MSS, which is also rich in essential nutrients and much more widely 
available than mineral fertilizers, even though this form of amendment is not free from cadmium 
contamination either.  
 
Thus, through liming and one or other form of fertilizing, Danish agriculture is capable to 
offset the natural acidity and consequent poorness of most of the soils on which it is carried on, 
sustaining regular yearly yields of over 150,000ton of grain in the 2,646,000ha of cultivated land 
it utilizes (Landbrug og fødevarer 2012). 
However, constant ploughing of the topsoil exposes this layer to the oxidizing action of 
moist air. After the uppermost layer of the soil has been turned and moved, aerobic bacterial 
activity will greatly increase and, together with the newly available air supply, will decompose a 
large part of the humus (the partially-decomposed organic material that gives soil it 
characteristic darkened hue) in the soil into carbon dioxide and humic acids, accelerating 
                                               
5 It is common practice to report the heavy metal content of fertilizers in terms of the corresponding mass 
phosphorus in it, as P is usually the factor that determines the amount and concentration of fertilizer to be 
used in a particular field, whereas different fertilizers might have different densities, structure and P 
contents, making the use of mass to report pollutants less informative. 
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acidification and leaching and undoing at least partially the action of liming and fertilizing in the 
field. (Brady, Weil 2010) 
 
This all means that the very use of the soil with ordinary agricultural techniques 
degrades the naturally poor Danish soil and reduces its capacity to sustain the country’s intense 
agricultural activity, liberating CO2 to the atmosphere from organic decomposition, and leaching 
continuous streams of unused phosphates and nitrates into the lower layers of the subsoil, 
potentially into the groundwater aquifers, together with any undesired stowaways such as 
cadmium.  
 
 
 
9.2 Risks and benefits (of the use of municipal sewage sludge as fertilizer) 
 
This section will analyze this practice with strong relationship to the criteria for 
comparison named at the start of this report (chapter 4.2), while additional relevant 
considerations will be made based on the information provided so far and the knowledge of 
edaphology, human toxicology of cadmium and its life cycle that we’ve obtained so far. 
 
A few advantages of using MSS can immediately be named; like the fact that sludge is 
already available from the treatment of sewage water that under any circumstance is carried out 
in Denmark, and that the amount of municipal waste water will increase with the population of 
Denmark in the future. This two considerations say something in terms of axis 3 criteria; by 
reducing the use of sewage sludge as fertilizer, no savings would be made on infrastructure (3-
A), as sewage treatment plants anyway have to be provided and maintained regardless of the 
end met by the sludge. Furthermore, landfilling of sludge and sludge ashes requires ever-
increasing space, so that deposition actually presents a risk and expense in the long term (3-A 
and 1-B). 
Should the amount of sludge used as fertilizer be increased, it would certainly require a 
larger distribution network, which would in turn require a larger fleet of distributors. This function 
is nowadays performed by private companies that are paid to distribute sludge between 
farmers, but where the sludge itself is given for free after application to the Ministry of 
Environment (sometimes even with a subsidy payment to the farm). Widening this distribution 
service would indeed present an extra expense in the municipal budget, which can be 
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considered as an increase in infrastructure (3-A), however, as the prices of mineral fertilizers 
continue to rise and the raw materials they are produced from continue to grow scarce, 
profitable commercialization of the sludge becomes a possibility in the middle-long term, where 
a new market could emerge, eliminating the need for the municipalities to pay for distribution 
and opening a new niche with potential jobs in the private sector (3-C). 
In the same axis, if we take the sludge produced at municipal sewage treatment plants 
as nearly free (the only dedicated expense for its use as fertilizer is distribution by land), 
reducing its availability as fertilizer would mean an extra expense equivalent to the cost of 
buying commercial fertilizer for all small landowners that do not produce enough animal manure 
to substitute the sludge with it. This in turn would reduce the competitivity of said farmers and 
increase the price of their produce in the market, thus requiring increased imports of foreign 
foods or requiring subsidy of the local farmers in the long term, making the expense public (3-
A). 
While the exact public expense after a change in the market is beyond the scope of this 
judgement to calculate, a comparison of the expense for the farmer to switch to mineral 
fertilizers is easy to calculate, by using P as a reference. In this regard, sludge distributors 
(Miljøservice A/S) report that to achieve the same levels of plant-available P after a 3-years 
dosage with commercial fertilizers would cost a farmer approx. 1000 Danish Kroner per hectare, 
while (Cordell 2010) places the price of a ton of mineral fertilizer produced from Moroccan 
phosphatic rock is of over 400 USD in the international market. 
 
However, in terms of Axis 1 criteria, the picture is a little different. While the legal limits 
for Cd per kg P in both sewage sludge and mineral fertilizers are quite similar (100mg/kg and 
110mg/kg cadmium per total P, respectively), reported concentrations are of 59mg/kg P for 
municipal sewage sludge (as reported by Bjergmarken in may 2013) and 13.1mg/kg P in 
commercial fertilizers (from 150 samples tested by the Danish EPA6). This sets criterion 1-A to 
lean towards MSS fertilizer polluting relatively more than its commercial counterpart. 
A similar conclusion can be reached on criterion 1-B, as commercial fertilizers can be 
bought on demand, whereas sludge is produced whether it is required or not, and thus, any 
sludge that has been shipped for use as fertilizer but is not immediately used, will have to be 
stored, where rain and wind can potentially reach it and leach the cadmium in it to the 
                                               
6 This value is from 2002. (DME EPA 2012) reports that such measurements are performed yearly, but 
does not present values later than 2002. However, there’s a clear trend of diminishing concentrations of 
cadmium per kg total P in their data, going back as far as 1984. 
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environment. This might be the case of sludge produced during wintertime, or ordered by a 
farmer that decides not to work a particular area for a period of time. 
 
However, legislation regarding the use of sludge as fertilizer is general throughout the 
country, regardless of local soil properties or the actual cadmium content in the sludge coming 
from a particular treatment plant in a particular moment. This concerns criteria 1-A and 2-A, 
since the actual amount of cadmium let out into a particular field can be in fact lower or higher 
than national yearly average, and the effect this cadmium might have can be entirely different 
between different soil types, high-pH and high-clay soils being able to take much higher 
amounts of cadmium without letting it into the groundwater or making it available for plant 
uptake than acidic, sandy soils. 
In this regard, sludging also presents the possibility of selecting to fertilize with sludge a 
field where plants with low-uptake capacity will be grown, and avoiding more vulnerable 
species, thus reducing the exposure of the population to Cd through food, and giving it a 
positive outlook from criterion 2-A. 
 
Thus, batch-based (instead of yearly) tests and a legislation that takes in consideration 
the crop to be grown as well as soil pH, clay content, distance to water bodies of a particular 
field to be sludged, might make much better use of this resource, allowing to sludge more freely 
in fields that can fix this element more easily, or if the particular batch of sludge contains smaller 
amounts of cadmium than normal. 
 
One last aspect, which could be placed as corresponding to criterion 3-A but that falls a 
little outside of the set criteria, is CO2. There is a strong focus in Denmark, and no less in the 
sewage treatment institutions, in CO2 neutrality, i.e. In making sure that the amount of carbon 
dioxide let out by domestic and industrial activities does not surpass (or does it in the least 
plausible degree) the amount of carbon transformed into other, non-greenhouse-gas 
compounds, or fixed carbon. A great deal of work is done to extract biogas from the processed 
waste water to run the energy-consuming processes of the plant, and make it energetically self-
sufficient, but the important sole of the soil as a carbon fixer is entirely ignored. 
This is relevant, as soil naturally retains carbon in the shape of humus and organic 
colloids that result from the degradation of dead plant material, which in turn is extracted from 
atmospheric CO2. By harvesting, this carbon in the form of plant material is removed from the 
soil and shipped to our homes mainly as food, and then exits our homes among other ways as 
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part of household sewage. This organic material ends up as the main component of municipal 
sewage sludge, which, if then used as field amendment, returns to the soil to become humus 
and organic colloids and remain fixed, saving CO2. Thus, not only the nutrients N-P-K constitute 
a valuable resource in sludge that costs to substitute, but there is also a CO2 value in its 
carbon, that otherwise needs to be paid elsewhere. 
 
 
 
 
 
 
9.3 Sludge from Bjergmarken MWWTP 
How does our theoretical frame explain the particular case of the Bjergmarken MWWTP and the 
tested fields? 
 
The municipal sewage treatment plant of Bjergmarken, located in the Roskilde 
Kommune receives a mix of household sewage and rain drainage from the whole of Roskilde 
municipality and surrounding area, corresponding to 80-85 thousand PE or 19,000m3 daily total 
waste water in dry weather (Erikson). Their waste water input includes, after regulatory 
treatment, the used filter-spray and furnace cleaning water from a solid-waste water heating and 
thermoelectric plant in Roskilde, where 200,000 tonnes of solid waste (some of it imported from 
the UK) are burnt yearly to produce district heating and electricity for ca. 20,000 households 
(Erikson, KARA/NOVEREN). 
 
The treatment given to the waste water at Bjergmarken is fairly standard, according to 
their operational manager (Erikson), and consists of mechanical remotion of large solids, 
followed by the remotion of sand and fats and then a period of sedimentation in aerobic and 
anaerobic tanks, before the water is stabilized and sent out into the sea. 
The MSS, remaining from the sedimentation process then undergoes thickening and 
further thermophilic digestion that harvests up to 35% in mass of the raw sludge as biogas. 
After digestion, the leftover sludge (sanitized by the thermophilic process) is further 
dewatered in a centrifuge and 10% of this material is shipped as “wet” sludge for fertilizing, 
while the remaining 90% is dried in ovens, powered by the plant’s own biogas, and pressed into 
dry pellets also to be shipped as fertilizer.  
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All the sludge produced in the plant is tested before shipping in 1-month batches for N-
K-P content as well as Pb, Cd, Cr, Hg, Ni, Zn, Cu and around 20 organic pollutants. (Erikson 
2013) 
 
For this case, the choice of test subject was two fields in southern Zealand, one of which 
had been fertilized with sludge pellets from Bjergmarken in the early spring of 2013, while the 
other, it’s neighbor, hadn’t. 
As can be seen in table 2, cadmium levels we found to be extremely low in both fields, with 
values of 0.0054 mgCd/ kgsoil and 0.0094 mgCd/ kgsoil for the sludged and clean fields 
respectively. 
It is not only significative that both levels are at least 15 times lower than the reported 
maximum concentration in agricultural soil during the 1990's (0.18 gCd/ kgsoil , DME EPA 2012), 
and between 50 and 100 times lower than the limit for Cd in agricultural soil in Denmark (0.5 
mgCd/ kgsoil , Slambekendtgørelsen 2006). It is also important to note that the clean field 
contained nearly twice as much cadmium when compared to the sludged one. 
According to the plant’s operational manager (Erikson), the typical content of Cd per unit of 
phosphor in the sludge provided by Bjergmarken is 70% the current Danish limit (100 mgCd/ kgP 
, DME EPA 2012), which is slightly higher than the plant’s reported values7 from may 2013 of 
59mgCd/kgP. We can then, as a help to understand this situation, make a ”ballpark” calculation of 
the amount of cadmium per hectare received by the studied field, allowing for the simplification 
of supposing one single sludging dosis aimed at achieving the optimal P in soil concentration 
described in advertising promoting the use of sludge as fertilizer (Miljøservice A/S). 
We suppose also that the cadmium content per unit of P and the soluble P concentration 
in Bjergmarken sludge reported in may 2013 of 59 mgCd/kgP and 4.9gP/ kgsludge , respectively, to 
be valid for march (when this particular field was sludged). 
Thus, to deposit the recommended 60-70 kg soluble P per hectare advertized to farmers 
(Miljøservice A/S), ca. 1.5 ton sludge would be applied, containing between 3.54 and 4.13 
grams of cadmium. 
Reversing thes calculations, with a standard plough layer of 30cm in depth and the 
typical topsoil bulk density for cambisols8 of 1.4-1.6 ton/m3 in (Krebstein, et. al. 2013), this 
                                               
7 The analysis reports for may 2013 were a paper hand-out from the operational manager to the team. 
Can be provided on request. 
8 Eutric cambisols and calcareous cambisols (in  revised FAO soil classification) are the most common 
soil types in the area where the subject field is located, according to Breuning-Madsen and Jensen 1990. 
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means a maximum theoretical initial concentration of cadmium due to sludging of 4.13gCd in 
4200 ton soil, i.e. 0.00098 mgCd/ kgsoil. 
In reality, fields are not fertilized to achieve desired P contents in one big dosis, but in 
several smaller doses over a few years, due to the fact that high concentrations of soluble P and 
N will quickly leach down on the soil, abandoning the root zone of the plants and potentially 
contaminating the groundwater (the same being valid for the stowaway cadmium), however, this 
exaggerated calculation immediately indicates two things: by respecting Danish regulation in 
terms of cadmium per P content in sludge (even if ignoring the regulations pertaining maximum 
amounts of sludge applied in a single year), the load the soil would be exposed to using sludge 
from an actual source is two orders of magnitude lower than the limit for cadmium content in 
agricultural soil. 
 
Yet, the levels of cadmium actually measured in both soil samples, however low, were 
up to ten times higher than what one sludge dose could be held responsible for. This points to 
the soil’s capacity to bind cadmium in a longer term, an effect caused mainly by the clay content 
of the topsoil and in a lesser degree to the organic colloids in the humus, and only possible 
under non-acidic conditions. 
In this respect, the unexposed field’s cadmium content might very well be due to 
previous sludging, years in the past under a different soil use, or cumulative atmospheric 
deposition, either from local sources (nearby fields being fertilized with cadmium-rich 
amendments) or from the burning of cadmium-loaded waste kilometers away. Unfortunately, the 
history of the clean field is unavailable. 
 
Thus, as long as the fields maintain their relative alkalinity, the cadmium will neither 
become available in significative amounts for plant uptake, or leach down with rain. 
However, should these fields experience a prolonged period of disuse, acidification of the 
topsoil would naturally occur, and the adsorbed cadmium would be liberated into the soil 
solution, where it can do most harm. 
Under these conditions, any plant growing on either of the fields would take up any 
cadmium present in the soil reintroducing the pollutant to the biosphere, but a second 
phenomenon would simultaneously occur; the cadmium ions would be washed down the soil 
profile together with all other cations towards the naturally alkaline subsoil, where they’d be 
fixed again, away from the root zone of smaller plants and crops. 
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The nature of the particular soil in this case is of tremendous relevance, since a clay-
poor soil, as well as a soil that remained acidic throughout its profile, would most likely let the 
cadmium percolate further down into the groundwater used for drinking. This would be the case 
of a west-jutlandic Podzol, where pH actually decreases with depth down to under 1.1 at 150-
200 cm depth. 
Similarly, an excessively clayey or poorly drained soil could return dissolved cadmium 
back to the surface when flooding, where it would be available for uptake again. This could 
happen, for example, in arable Luvisols that experience flooding in heavy rain due shallow fake-
aquifers forming above impermeable subsoil clay (argillic) layers, a problem known to happen in 
parts of Zealand and eastern Jutland. The same would be the case for poorly-cared Gleysols, 
Fluvisols and Histosols formed in areas artificially reclaimed from the sea, like the damned 
portions of Amager and Lammefjord (Breuning-Madsen and Jensen 1990 and FAO Soils 
Classification). 
 
There is much to be said about the accuracy of both the experimental procedure (soil 
being a highly inhomogenous medium that requires extremely large sampling populations to 
yield reliable results), but the realization comes through that due to both the efforts made during 
the last two decades in reducing the presence of cadmium in society, and the strict regulations 
surrounding the use of MSS as fertilizer, the amounts of cadmium actually reaching arable soil 
have dropped from alarming during the 1980's to extremely small in comparison to typical 
European background levels (0.26 mgCd/ kgsoil, HELCOM 2002) 
 
Under the specific conditions of these soils, it can be expected that the little cadmium 
present in the soil will remain unavailable for plant uptake almost indefinitely, unless massive 
acidification of the entire soil profile promotes further leaching downwards towards the 
groundwater, or disuse mixed with flooding turn it into an acidic wetland. 
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10. Discussion 
Conditions for the increase or decrease in the different uses given to municipal sewage sludge 
are here considered, based on the criteria established in 4.2 making use of the statements 
made in the “Risks and Benefits” subchapters in Ch. 8 and 9. 
 
The collection of different uses that can be given to MSS can be primarily divided in 
terms of the two types of landscape where this product can be found in: either in rural, low 
population density areas of the Danish countryside, or within and around the larger urban 
centers of the country. Depending on which type of landscape is considered, the energetic and 
economic needs, as well as the spatial and environmental restrictions will determine which 
practices are at all carried out pertaining MSS, as the benefits presented by one in a small rural 
community would surely not have the same meaning in a large, industrialized population center. 
 
Within the rural landscape, it is a possibility to use MSS both as fuel for incineration and 
as field amendment, where in the urban landscape, the only pursued end for MSS is disposal 
for incineration. Furthermore, in some of the less central regions of the country, sludge is used 
as an energetic resource to produce electricity and for the heating of water, while both of these 
services in the cities come mostly from larger power stations that operate on fossil fuels. 
 
Within the rural landscape too, the MSS can be used as fertilizer on soils with widely 
varying properties, changing entirely the effect that the nutrients or the pollutants it is exposed to 
have, and the mobility they can have afterwards. In general, soils can be divided in resilient to 
cadmium pollution and vulnerable to it, depending on their capacity to bind it strongly to the 
matrical component or release it into the soil solution. 
 
Thus, this analysis follows the individual uses of MSS from the rural to the urban 
landscape exploring each of them in front of the plausible scenarios for origin of the MSS and 
environmental factors, and applying the criteria to them to culminate in a short explanation of 
the condition under which it could be encouraged or discouraged. 
The rationale previously exposed is illustrated in Fig. 11 
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Fig. 11 Discussion tree. 
 
1st use for MSS: The incineration of MSS in rural areas with the purpose of taking 
advantage of the process for district heating or electricity production. Rural areas are described 
as all areas that are not urban, meaning the highest proportion of that area is established as 
agricultural land. 
 
-1A: According to this criteria, this practice shouldn’t be a problem since by incinerating 
the sludge only 2% of the input cadmium is released in the environment. 
-1B: The incineration of MSS in rural areas will cause a problem regarding storage; the 
ashes remaining after incineration must be stored as they cannot be let out into the 
environment. These ashes, usually landfilled, represent a long-term environmental risk, 
since they contain 98% of all input Cd. 
-2A: This method presents the problem that it cannot be controlled where the Cd let out 
by the incinerators goes (It can travel great distances and even affect seas and other 
countries).  
-2B: At 850 degrees celsius, the volatilized cadmium reacts mainly with O, Cl, P and S 
(Belevi 2000). However only CdCl2, CdS and cadmium deposited on soot particles are 
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present in the flue gas, all these being simple substance that easily ionize in acidic 
environments. This presents a problem as cadmium is now free to be absorbed by the 
plants. 
-3A: When increasing the incineration of MSS in small amounts, no problems arise since 
incinerator facilities are flexible towards operating under bigger loads. Faced with a 
decrease, however, the energy required for heating or electric production will have to 
come from other sources, like fossils fuel, as the demand for these energetics is 
independent from the disposal of MSS. 
Another complication arises if the demand of the water/electricity decreases without 
correlation to MSS (for example during summers (De Cian, et al. 2012)), since storage 
facilities for the sludge would need to be built.   
-3B: MSS is constantly produced from unavoidable human activities and it has no 
intrinsic value since it is a form of waste. Therefore, having to substitute a free energetic 
resource with a valued one like fossil fuels would make it an issue to reduce the amount 
of sewage sludge used to produce electricity and district heating. Fossil fuels are costly 
different reasons; they’re not renewable, they cost money to extract and transport, and in 
the current environmental context, cost CO2-money to burn. 
On the other hand, to increase this use would not mean any extra costs. 
-3C: Unless a radical increase in the generation of electricity and heating with MSS was 
implemented, no additional facilities, and therefore no additional staff, would be required. 
The same way, only a permanent and significant decrease in this use, would mean a 
reduction in jobs if it meant the closure of any facilities. 
 
2nd use of MSS: The incineration of MSS in rural areas with the aim of disposal.  
Sewage sludge can be burnt to reduce the mass and volume occupied by the waste to a 
minimum, leaving only ashes behind. Disposal of these ashes takes of course place in apt 
landfilling sites. 
 
-1A,1B,2B: Judgement of these criteria is the same as with the first use of MSS. 
-2A: In this use there is no further control of the liberation than when breaking the 
ground, any Cd that manages to escape the landfill will eventually find underground 
water and spread through it. Any ashes dispersed by the wind will follow the air 
movements for great distances.   
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-3A: With increased disposal by incineration, larger landfilling facilities would constantly 
need to be built, causing a problem. No problems can be foreseen with reduced 
incineration. 
-3B: On this use we don’t apply criteria 3B. 
-3C: Quite insignificant whether it gets increased or decreased. There will only be a very 
few difference of staff members unless radical changes are made.  
 
 
3rd use of MSS: MSS used as fertilizer in rural areas on cadmium-resilient fields. The profile of 
the soil is the determining factor of how resistant, this includes pH, clay content, organic content 
and the distance to groundwater mirrors and its drainage properties. A very resistant field will 
have a pH-profile that in the top varies from alkaline to acid, but in layers well under the root 
zone it will always have an alkaline coating. Clay and organic content will be significant, and the 
groundwater mirror will never rise to the surface. 
 
-1A: No step in the treatment of MSS affects  the amount of cadmium, this means all of 
the cadmium goes to the field. This means an issue whenever the sludge contains high 
amounts of Cd. 
-1B: The soil profile allows for fixing of cadmium in subsoils coated with an alkaline 
calcareous layer. 
-2A: The degree in which you control cadmium in this use is tight as fixed Cd possesses 
nearly no mobility. In terms of this single criteria provides the best solution.  
-2B: The cadmium is bound to complex organic substances in the sludge, making it 
much less active within the soil. This would not cause any problems. There is also the 
possibility of liming when stabilizing the municipal sewage sludge. 
-3A: Increasing or decreased  will not provide additional problems for the infrastructure.  
-3B: If the use of sewage sludge as fertilizer is increased, it will lead to a profit, not 
having to buy commercial fertilizers. On the other hand if the use decreases it will lead to 
a huge expense on fertilizers which cost around 2,166 kr. per ton of fertilizer or would 
require farmers to keep livestock along with growing crops if they were to substitute 
sludge with manure. 
-3C: An increase of the use of sewage sludge as fertilizer will lead to an increase of 
transport and distribution, and potentially start a market around its commercialization, 
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creating more jobs. Correspondingly, a decrease of the use of MSS as fertilizer would 
mean a loss of jobs tied to its transportation. 
 
4th use of MSS: MSS used as fertilisers in rural areas where the soil is vulnerable to 
cadmium pollution, meaning acidic pH throughout the soil profile and significantly sandy soils9 
and/or with very low organic content, or where the groundwater will regularly reach the surface. 
This means that cadmium would quickly be transferred to the soil solution making it easier for 
plants to absorb  or allowing it to reach the groundwater. 
 
-1A: Here the assessment about net amounts for the use of MSS as fertilizer on 
vulnerable soil is the same as the one on cadmium resistant fields. 
-1B: Our thoughts about storage for the use of MSS as fertilizer on vulnerable soil is the 
same as the one on cadmium resistant fields. 
-2A: The use of MSS on weak soil will pose an important problem on the control of the  
cadmium liberation. From this weak soil, the plants will be able to uptake cadmium quite 
easily and it will be percolating down to groundwater as easily. This weak soil means 
absolutely no control over the cadmium from the MSS.  
-2B: Although it has the same conditions as on 2B on strong soils, it will have a much 
worse effect because if the low pH, it will lead to cadmium migrating much faster into the 
subsoil. 
-3A, 3B, 3C: The use of MSS on cadmium vulnerable soils are the same as the ones on 
the use of MSS on cadmium resistant soils 
 
5th use of MSS: The incineration of MSS in urban areas with the purpose of disposal. 
Incineration around the larger urban centers is performed in relatively larger facilities, 
capable of handling the MSS resulting from large populations, up to hundreds of thousands of 
people. No electrical or heat production is performed from the burning of sludge, in this 
landscape. 
The use of MSS as fertilizer in urban areas is not given more thought as it’s not deemed 
important, knowing that the proportion of agricultural land is low or nonexistent compared to 
other uses of soil.  
   
                                               
9 defined as soils with around 50% sand. 
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-1A: According to this criteria, there shouldn’t be a problem because the sludge releases 
only 2% of the cadmium in the environment. 
-1B: This second point, as the first one, is the same for all incineration whether it is used 
to produce energy or just for disposal and whether the incineration takes place in rural or 
urban areas. 
-2A: The liberation of cadmium in the flue will mostly happen over urban areas, where 
most deposit on surfaces from where it will be washed back into the waste waters by 
rain, which will be transformed into sludge and finally incinerated again. It will that way 
not come into agriculture. Furthermore, the ashes being gathered in one large  landfill 
would present a relatively smaller surface area from where Cd can escape than an 
equivalent volume distributed in many smaller landfills. 
-2B: This point as for the 1A and 1B is the same for all the incineration examples. 
-3A: The decrease or increase of MSS burned in the urban areas would not be problem 
for their big incineration facility, as they are much more flexible on their operating 
capacities than smaller facilities. 
-3B: Since MSS burnt for deposition is not used to perform any functions, no substitution 
would be needed in front of a decrease in this practice. Since the incineration process is 
largely self-sufficient, no significant increase in materials or energetics can be expected 
after an increase in this form of incineration. 
-3C: It would not require any changes in the amount of hired personel If the amount of 
sludge being burnt in an urban facility increased, as the incinerator can simply extend its 
periods of continuous burning. To the contrary if this incineration in urban areas was 
decreased, a number of jobs would need to be created for the transportation of these 
large amounts of sludge produced  out of the city. 
 
This collection of statements, the result from applying our system of criteria to the 
different forms of MSS incineration and use as field amendment using the information 
researched along the whole of this project, provides the arguments necessary make a proposal 
for the better management of this waste product in the future. 
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11. Conclusion 
 
This project points at three possibilities for future change to make better use of the 
unavoidable production of municipal sewage sludge in Denmark. 
In the political realm, it should be made a priority to exploit municipal sewage sludge for 
its chemical value by intelligently encouraging its use as field improvement, and for it’s energetic 
value, by tying it’s deposition by incineration to the production of electricity and district heating. 
This in the context of the increasing scarcity of non-renewable resources (fx. phosphorus and 
oil) and their unequal distribution around the globe, as well as the current intention to make 
Denmark CO2-neutral and autonomous from foreign material and energetic production. 
 
In the area of legislation, the limit values for cadmium content per mass and cadmium 
content per phosphorus in MSS to be used as fertilizer could be adjusted to the particular 
properties of the soil it is to be applied on, allowing for an increased use of sludge in soils that 
possess an increased capacity to bind cadmium to it’s clay and humic constituents, reducing the 
need to import and commercialize mineral fertilizers ; at the same time as tightening the control 
over sludge used in sandy and/or acidic soils, prompt to leaching and plant uptake of the Cd in 
it. 
 
Finally, we stress the need to take the battle against cadmium pollution to the source, 
since no available technique linked to MSS really removes the cadmium for good, and in the 
end it becomes a matter of storage. This means further reduction of its use, increasing the 
efficiency of its recycling (when pertaining Ni-Cd batteries, fx.) and eliminating its current 
presence where outdated technologies have placed it in our living environment. 
 
In future perspective, the problem of cadmium in MSS will finally be solved only when 
technologies for removing it from the sludge and extracting it from incineration ashes are 
developed, or when safe deposition along with extraction of the N-P-K value in MSS (from the 
sludge itself or it’s ashes) becomes available. 
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Table 1. Results from AAS and soil analysis in the first pair of soil samples, under the influence 
of the Avedøre municipal sewage sludge incineration facility. 
This table sums up the data of our experiments results, from the soil collected near by 
the incineration facilities of Avedøre. It included the results on the soil properties and the 
amount of cadmium calculated by the AAS.  
 
 
 Exposed field (Hvidøvre) Unexposed field (Kalvebod 
Fælled) 
Distance from Avedøre 
WWTP 
3.5 km 10 km 
Relative position from 
Avedøre WWTP 
North East 
Use Ploughed (with grass) Grazing for cows 
CaCO3 Positive Positive 
Carbon content 3.59% 1.55% 
pH(CaCl2) 6.3 6.4 
Clay content 9% <1% 
Cadmium concentration (5g 
soil in 100 mL solution) 
3.42 ug/L 0.06ug/L 
Soil cadmium content 68.4ug/kg 1.2ug/kg 
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Map 1 Avedøre 
The map is taken from google maps and shows the location of our sample sites. The light blue 
is the downwind site and represents the unexposed sample. The darker blue is upwind (north), 
this is the exposed site. The purple circle is the Avedøre incinerator. 
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Table 2. Results from AAS and soil analysis in the second pair of soil samples, subject to 
distribution of sludge from the Bjergmarken WWTP. 
 
 Exposed soil Unexposed soil 
Sludged Yes No 
Date of sludging March 2013 - 
Use Farming, rapeseed Grazing for horses 
CaCO3 Negative Negative 
Carbon content 1.97% 1.66% 
pH(CaCl2) 5.3 6.0 
Clay content 4% 5% 
Cadmium concentration (5g 
soil in 100 mL solution) 
0.27ug/L 0.47ug/L 
Soil cadmium content 5.35ug/kg 9.4ug/kg 
 
Map 2 Bjergmarken 
 
The map shows our sample sites 
related to Bjergmarken. The field 
framed in red is the exposed field 
where pellets was spread 7 
months before the sample taken.  
The blue framed  is the 
unexposed.  
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